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Sir: 

1 . I, ANTHONY CHEUNG, PhJX, declare and say T am a resident of Vancouver, 
British Columbia, Canada. My residence address is: 1127E- 16 th Ave, Vancouver. BC, Canada 
V5T 4M4. I received Bachelor of Science degree in Biochemistry from the Univeraity of British 
Columbia in 1993. 1 received a Doctor of Philosophy degree in Physiology from the Tulane 
University in 1999. I am currently Chief Scientific Officer of enGcne, Inc., in Vancouver.. BC, 
Canada. My curriculum vitae has been previously submitted, which reflects my expertise in the 
areas of molecular biology and biochemistry. 

2. I am an inventor of the subject matter claimed in United States Patent Application 
Serial No. 09/804,409, filed March 12, 2001. 

3. I have reviewed the claims that are presently under examination. 

4. I understand that claims 3 1, 34 to 36, 40, 43, 47 to 49 ; 51 , 52.. 54, 55, 71 to 73, 76, 78 
to SO, 82, 83 and 85 to 88 have been rejected due to an alleged lack of adequate written 
description for subsequences or variants of chromagranin A promoter. I also understand that 
claims 3 1, 34 to 36, 38 to 40. 43, 47 to 49, 5 1 to 55 and 87 have been rejected due to an alleged 
lack of enablement for any diabetes treatment or onset, animal, enromagrarun A promoter, 
mucosal endocrine cell, polypeptide, amino acid, fat, production of insulin, transformation 
method, vector, method of nutrient contacting. J further understand that claims 71 to 73, 76, 78 to 
80. 82, 83, 85. 86 and 88 have been rejected due to an alleged lack of enablement to treat the 
body mass or obesity or onset. 
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5. I submit this declaration and refer to studies published as of the filing of Application 
Serial No. 09/804,409, and accompanying Exhibit A f a summary diagram of chromagranin A 
promoter as evidence that functional chrornagmnin A promoter subsequences and variants would 

be known to the skilled artisan. 

6. I further submit this declaration and refer to studies herein and in accompanying 
Exhibit B as evidence that other vectors, including non-viral vectors, can effectively transform 
gut or gastrointestinal cells in vivo, and that the transformed cells can produce therapeutic levels 
of insulin or leptin in the animal. 

7. J also submit this declaration and refer to studies herein and in accompanying 
exhibit C as evidence that gut or gastrointestinal endocrine cells other than K cells can process 
proinsul in to bioactive insulin and. therefore, can produce bioactive insulin. 

8. I additionally submit this declaration to refer to studies by others in accompanying 
Exhibit D reporting that leptin is effective in treating an animal model of human obesity caused 

by leptin resistance. 

9. Chmmapnmin A Promoter Structure and Function, Exhibit 4. 

Exhibit A, submitted herewith, is a diagram summarizing knowledge in the art of 
chromagranin A promoter structure and function at the time of the invention. In brief, the 
promoter sequence region from -4800 to -2200 relative to the coding sequence has been 
reported to contain a positive domain, and a negative domain between -258 and -181 
(see, Wu et al... J Hk Invest 94: 1 18 (1994)). The promoter sequence region between 
-726 and -455 contains a 27 base pair AP-1 binding sequence (-576 to -550) that has 
been reported to enhance promoter activity about 10-fold (see, Nolan ct aL Endocrinol. 
1365632 (1995); and Nolan et al. 7 lyH.QH Endocrinol. 124:51 (1996)). A CRH 
enhancer has been reported at -147 to -100 (sec, Wu et al., J. Clin. Invest. 96:568 
(1995)). An Sp-l/Egr-i site spans -88 to -77. and a cyclic AMP response element 
(CREB) spans 71 to -64, which have been reported to mediate gastrin activation of the 
P^-r ^ VJu «t al 1- Clin. Invest 96:568 (1995)). A 'TATA- box is present ttom 
-22 to -18, and a glucocorticoid response clement (GRE) located between -583 and -597 
of chromagranin A promoter was reported to confer glucocortocid responsiveness 
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(Rozansky et al, T Clin. Invest. 94:2357 (1994)). Most of these Chromagranin A 
promoter regions have been reported or are believed to be functionally conserved 
between rat, mouse and human. 

in addition to various functional regions of Chromagranin A promoter, promoter 
sequences exhibit significant sequence homology- For example, mouse and rat 
chromagranin A promoter share 85% homology and mouse chromagranin A promoter 
shares 52% homology with the bovine promoter. Two regions of mouse and human 
chromagranin A promoter, from -1107 to -1040 and from -5752 to -5475 relative to the 
putative transcription Start site, share 78% and 85% identity, respectively. 
10. Based upon the foregoing knowledge of chromagranin A promoter structure and 
function, chromagranin A promoter functional conservation and chromagranin A promotcr 
scqucncc homology at the time the application was filed, I conclude that functional 
chromagranin A promoter subsequences and variants would be known to the skilled artisan- 
n. Son-viral Vector Transformation of Gut or Gastro intestinal Cells In Vivo and 
Production o f Therapeutic Levels of Insulin in AnimnL^ Exhibit B 

Studies indicating that in v/vo transforation can be performed with other vectors, 
including non-vind vectors, and that the transformed cells produce therapeutic levels of insulin in 
animals were performed as follows: 

Formation of ehhosan-DNA mmoparAdtr . Chitosan (Molecular Weight: - 5.2 kD; degree of 
deaceGyation: 98%) was obtained from Biosyntech (Montreal, Canada)- The plasmids used 
include an expression plasmid for 4»C3 1 integrase (pCMVInt) and a targeting plasmid 
containing the GIP promoter linked insulin gene (pGIP/Im-attB). The pGM&iS-attB plasmid 
consists of the attB recognition site for genome integration by the *C3 1 integrase (OUvares et 
aL Mature Biotechnology 20: 1 1 24 (2002)). The pCMVTnt and pGrP/Ins-attB were packaged 
at a ratio of 1 :5 ( w/w) in chitosan polymer at a N:P ratio of 60 : 1 . 

Plasmid and chitosan solutions, prepared separately, were adjusted to a concentration equal 
io 2x the required final concentration. Plasmid was diluted in water. The indicated chitosan 
was dissolved in 5mlVl sodium acetate, pH5.5. Both solutions were incubaied at 55*C for 5 
minutes before being mixing. Equal volumes of the two solutions were mixed and rapidly 
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vonexed for 30 seconds to form plasmid/chitosan particles. For certain applications, this 
preparation was further diluted in various buffers prior to analysis. 

P~uh*tian tf FjVfmA various iAV^nnr ntrrticles: Recombinant feline immunodeficiency 
virus (FTV) vector particles were packaged by co-liansfecting293T cells with an established 
triple-plasmid calcium phosphate transection protocol. Polynucleotides encoding the 
proteins were an FIV vector harboring a human insulin gene that was driven by a rat G1P 
promoter. The other two plasmids were 1 ) an FIV packaging construct expressing FIV gag 
and pol genes; and 2) an envelope construct expressing VSV-C5 envelope glycoprotein. 
Briefly, 293T cells (1.5xl0 7 ) were transfected with 8 ug of packaging plasmid, 4 ug of 
envelope plasmid and 8 u.g of vector plasmid in each 150 mm cell culture dish. Eight hours 
after transection, cells were fed with fresh media (Dulbecco Modified Eagle media with 
10% FBS) and incubated at 37°C overnight. The culture media was replaced the next 
morning, transfected cells were transferred to a 32°C incubator and virus particles were 
harvested from the culture media at 48 hours and 72 hours post-transfecrion f concentrated by 
centrifugation at 50,000xg for 2 hours and stored in TNE buffer (50 mM of Tris and 130 mM 
Of NaCl and ImM of EDTA) at -80°C until use. FTV vector titers were determined by real- 
time quantitative PCR (RQ-PCR) using primers and fluorescent probes specific for the gene- 
of-intcrcst. A9L mouse fibroblast cells (5x1 0 s ) were infected with 5 ul of FIV virus and the 
genomic DNA of infected cells isolated 48 hours later with a DNAeasy Tissue Kit (Qiagen, 
Chatsworth, CA). 

For AAV vector production, an established adenovirus-free. thrce-plasmid co-transfection 
method was used. To produce AAV vector, the vector plasmid carrying the GTP promoter 
linked insulin gene, packaging plasmid (pAAV-RC for AAV-2 vectors) and mini-Ad helper 
plasmid (pHelper) were co-iransfected into 293 cells. In detail, human 293 cells were 
passaged into thirty 1 50 mm tissue culture dishes, A total of 30 ug plasmid DNA (10 ug of 
each plasmid) were transfected using a calcium phosphate precipitation method as described 
previously. Eight hours post transaction, the media was replaced with fresh Dulbecco 
modified Eagle media (DMEM) with 10% FCS and antibiotics. At 48 hours post- 
transfection, the cells were harvested by scraping and low speed (1500 rpm) cemrifugation 
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for 15 minutes. The cell pellet was rcsuspended in 20 ml of TMN (20 mM Tris-HCK pH 8.0, 
1 mM MgCh, 1 50 mM NaCl). After 2 cycles offreezc/tbaw in dry ice/ethanol bath, 
deoxycholic acid and Benzonase (Sigma) were added to the cell lysate to a final 
concentration of 0.5% and- 50 U/ml respectively and incubated for 30 minutes at 37° C The 
cell debris was removed by centrifugationat 2000xg for 15 minutes at 4°C, the supernatant 
clarified by incubation at 56°C for 45 rainuies and stored at -20°C overnight AAV vectors 
were purified by thawing the lysate at 37°C r spinning ai 2000xg for 30 minutes at 4°C to 
remove the flocculent precipitate, filtering the supernatant through a 0.8jim filter, and 
passing through a HiTrap Heparin HP column. AAV vectors were eluted from the column 
with elution buffer (20 mM Tris-HCl, pH 8.0, 1 mM Mgd 2 , 1 M NaCI) and put through a 
HiTrap Desalting column to exchange the elution buffer to TMN. 
T)c.}h>fi.rvnfFTV. AAVvec^nnfiahiiOf fm.DNA particles tti Duodenum of mice'. Male 
C57/BL6" mice were housed in a 12 hour light/dark cycle. Animals were fasted overnight 
prior to surgical procedure for vector delivery. Animals were anesthetized by continuous 
isolluorane inhalation. An abdominal incision was made and a section of the duodenum (~2 
cm) was lifted from the abdominal cavity using a glass hook. A tourniquet was placed around 
the pyloric sphincter and the isolated section of the duodenum was washed once with warm 
saline followed by a 10 minute incubation with -0.12 ml of 0.2% n-Dodecyl-beta-D- 
rcaltoside (DDM). The DDM was then washed twice with ~\ 50 ul of warm saline and the 
isolated section of the duodenum was maintained in an elevated position. The viral vector 
was delivered to the lumen of the duodenum by a single injection, which was allowed to 
incubate in the elevated duodenum section for 1 hour. After incubation, the tourniquet was 
released, the duodenum returned to the abdominal cavhy and the incision closed. 
Measurement of Gene Delivery to Duodenum : The amount of DNA transfected into duodenal 
tissue was measured by quantitative polymerase chain reaction (Q-PCR). Tissue samples 
were thawed to room temperature then ground with a pestle and mortar. DNA was extracted 
using the manufacturer's instructions for the Qiagen DNTeasy Tissue Kit except that double 
me listed volumes of proteinase K and ATL buffers were used. Genomic DNA 
concentrations were measured using a spectrophotometer prior to amplification using primers 
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specific for the particular tcansgene studied. Standardization was also carried out using 
primers for IRS RNA coding sequence. The amplification was quantified using blank 
samples spiked with plasmid DNA. Amplification was carried out using and ABI 7000 
cycler. 

Rlnnd Election measwemant of human C-peptide /gvgfe Blood samples were collected 
in heparinized capillary tubes by saphenous vein bleeding and transferred to a 
microcentrifuge tube containing 3uL Trasylol. Plasma was isolated from the Wood samples 
by centrifugation and stored at -450*0 until assayed. Plasma levels of human C-pepride (a by- 
product of insulin biosynthesis) were measured using a commercially available EL1SA kit 
(Alpco). The antibodies used in the ELISA assay specifically recognize the C-pepude of 
human origin and minimally cross react (0.08%) with mouse C-peptide. Assays were 
performed according to the manufacturers instructions. 

Results ; Two weeks after vector administration, gene copies in duodenal mucosa were 
compared. Six of seven viral vectors, namely AAV2, AAV5, AAV6, AAVh AAV2.5 and 
FTV, were able to deliver genes into gui mucosal tissue ax comparable levels (Exhibit B, 
panel A). The chhosan-based vector delivered genes into the duodenal mucosa at a higher 
efficiency compared to KTV and AAV vectors, indicating that the polymer-based non-viral 
vector system appears more efficient than FIV and AAV vectors in delivering genes io the 
intestine (Exhibit B, panel A). In any event, the observation that the transformed genes were 
present in mucosal tissue even after 14 days indicates that the vector consistently integrated 
the transgene into a stem or precursor cell population -the life span of differentiated epithelial 
cells of the duodenum is estimated to he only 3-5 day*. 

Administration of non-viral vector to duodenum of mice resulted in long term production of 
therapeutic levels of insulin in the bloodstream. As shown in Exhibit B, panel B, a single 
administration of chitosan-packaged plasmids resulted in continuous production of human C- 
peptide for over 1 1 5 days following administration. Furthermore, secretion of human C- 
peptide was inducible by oral glucose administration to these animals (Exhibit B, panel C). 
The glucose-inducible secretion profile in the animals further indicates that the human insulin 
transgene was targeted to appropriate cells, such as K-cells. 
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These results indicate that administration of chitosan encapsulated plasmid D*A, containing 
the GTP promoter-linked human insulin gene, to lumen of mice duodenum, resulted in 
systemic long-term production of orally glucose-mducible human insulin at therapeutic 
amounts. These results are consistent with results obtained for viral vectors (e.g., AAV-2 
and TTV) which can also effectively transfer genes into gut or gastrointestinal mucosa in vfto 
for expression of encoded protein at therapeutic levels. 

12. Based upon the foregoing results and the results of record, 1 conclude that viral and 
non-viral vectors can be used to deliver insulin or leptin gene into gut or gastrointestinal cells fir 
v,V* to produce transformed cells without undue experimentation. 1 also conclude that 1 ) 
transformed cells can exhibit long term production of the insulin or leptin in animals: 2) insulin 
or leptin can be produced at levels sufficient to treat animals, indicating that therapeutic levels 
can be produced; and 3) insulin or leptin can be produced in response to glucose and other 
nutrients. 

1 7 m r>„«T*int£sti n«l Mb, other tha « K CeBs Produce. Insulin, ExhibU C 
STC-1 cells comprise a mixed population of entero-endocrine cells (Rindi et al.. Ami 
PathoK 136:1349 (1990)). STC-1 celU include S-cells, which produce secretin (Rindi et al., An^ 
j Path ol. 136:1349 (1990); and Wheeler et alJ£ol. Cell. Biol, 12:353 1 (1992)); T.-cells, which 
produce proglucagon related peptides (Rindi et al. Am. J. Pathol. 1 36:1349 (1990); Tucker et al. 
gg gj. Pept . 62:29-35 (1 996); Abcllo et al, Endocrinology 1 34:20 1 1 ( 1994): and Litvak et al., J 
r^nintest. Sure. 3:432 (1999)); K cells, which produce GTP (Rindi et al., Am. J . PathflL 
136:1349 (1990): Boylan T ninl. Chem. 272: t7438 (1997); and Steinhoffet al., ReguL 
Pept . 97 : i87 (200D); D-cells, which produce somatostatin (Rindi et al., Am. J. Pathol. 136:1349 
(1990); and Gajic et al. Endocrinology. 132:1055 (1993)); cholecystokinin producing cells (Gajic 
et al. Pndnmnoloev 132:1055 (1993); Lay et al.. Am. I. Physiol- Gastrointest. T.iver Physiol 
288:0354 (2005); and Guilmeau et a!., giabetsfi 52:1664 (2003)); and neurotensiin producing 
<xUs (Rindi etal. a An k JJPathoL 136:1349 (1990)). 

Studies demonstrating that cells other than K cells produce insulin were performed as 

follows: 
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r.u„,h,^nnA transection : STC-1 cells were cultured in Dulbecco's minium essential 
medium (DMEM) supplemented with 25 mM glucose and 10% fetal calf serum. Twenty-four 
hours prior to transfection, STC-1 cells were seeded into a 6-well plate at a density of 
03x1 0 s cells per well. STC-1 cells were transfected with 1 ug of a plasmid carrying the 
CIVTV promoter-linked human insulin construct using FuGENE 6 Transfection Reagent 
(Roche) according to manufacturer's protocol. The CMV promoter is a constitutive 
promoter having activity in the various gut endocrine celts present in STC-1 cells. The STC- 
1 ceil line is a mixed population of immortalized entero-endocrine cells (K-ceils, L-cells, S- 
cells, G-cell3 and other types of entero-endocrine cells). 

rmmimnhistMhemistrv: Transfected STC-1 cells were then immunostained with antibodies 
specific for insulin and GIP as follows: Forty-eight hours after tnmsfectiorL STC-1 cells 
were washed thrice with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde 
(PF A) for 1 5 minutes at room temperature. Fixed cells were then penneabilized by 
incubation in PBS containing 0.3% Triton X-100, \% PFA for 5 minutes at room 
temperature. Following overnight blocking in PBS with 5% normal goat serum (NGS) and 
1% BSA at 4°C, cells were incubated for 90 minutes at room temperature in blocking buffer 
wntaming antibodies specific for GIP and human insulin (BioDesign, B54071 M) at a titer of 
1:200 and 1:100, respectively. The cells were then washed three times in PBS, followed by 
incubation in PBS containing appropriate fluorescence-conjugated secondary antibodies 
(riter=l :8O0) for 30 minutes at room temperature. The cells were then washed thrice in PBS, 
treated whh Vectashield TM200 and examined with a fluorescence microscope. 
Results : The ability of non-K-cell gut endocrine cells to produce bioactive insulin was 
deterrnincd by siaining trarwfected STC- 1 cells with antisem specific for human insulin and 
mouse GIP. As expected, immunoreactivity to human insulin protein was detected in K-cells 
that express G1P ; indicating that K-cells can process proinsulin into bioactive insulin 
(Exhibit C, panel A). In addition, clusters of non-K gut endocrine cells within the transfected 
STC- 1 cells (non K cells do not stain for GIP) are inununoreactive for bioactive insulin 
(Exhibit C panel B). 
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14. Based upon the foregoing studies, I conclude thai gut or gastrointestinal endocrine 
cells other than Knells can process proinsulin into bioaetive insulin. Given that endocrine cells 
other than K-cells can produce bioaetive insulin. I predict that these other endocrine cells will 
secrete bioaetive insulin in response to a sugar, polypeptide, amino acid or fat. 

1 / *i?tf» Treato*™* afJ^atht Resistant A nimals Reduces Obesity, Exhibit j> 

Studies indicating that leptin can be used to treat animals resistant to leptin are reported 
in a publication by Ore. et al. Natl. Acad. Sci. USA 10 1:2058 (2004), submitted herewith 
as Exhibit D). m brief, the authors describe studies in which Zucker rats were administered an 
adenovirus vector bearing leptin cDNA driven by a CMV promoter intravenously (Exhibit D, 
page 2058, Experimental Procedures, and page 2059, Results). Zucker rats have a mutant leptin 
receptor that impairs leptin binding and downstream action, resulting in obesity (see, for 
example, Wang et al, tw. Natl. Acad. Sci. USA 95:714 (1998); and Wans el al. ? Pro c-Natl. 
Acad. Sci. USA 95:1 1921 (1998)), The authors report that 1 ) body weight in the treated Zucker 
rats declined; and 2) plasma leptin levels increased in rats following administration of the vector 
bearing leptin cDNA (Exhibit D, page 2059, Results). 

1 6. Based upon the foregoing results, I conclude that leptm would be an effective 
treatment of animals that are resistant to leptin. 

17 Summary of Conclusions 

In view of the foregoing studies and supporting publications, and the previous studies and 
supporting pubb'cations of record, 1 make the following conclusions: 

A. Jh view of the knowledge in the art regarding chromagranin A promoter structure and 
function, functional chromagranin A promoter subsequences and variants would be 
known to the skilled artisan; 

B. Gut or gastrointestinal endocrine ceils other than K cells can process proinsulin to 
bioaetive insulin thereby producing bioaetive insulin in animals; 

C. Various vectors, including viral and non-viral vectors, can be used to traasform gut or 
gastrointestinal cells in vivo, to an extent that transformed cells produce therapeutic 
levels of encoded protein (e.g.. insulin or leptin) in the animal; and 
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D. Leptin would be effective in treating leptin resistant mammals, such as resistance 
caused by a mutated leptin receptor. 

1 8. t hereby declare that all statements made herein of my own knowledge are true and 
that all statement* made on information and belief are believed to be true; and further that fttse 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of TrneXVTJI of the United 
States Code, and that such willful false statements may jeopardize the validhy of the application 
or any patent issuing thereon. 



2006 




ANTHkJNY CHEUNG, Ph.D. 
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Panel A: Numbers of marker gene copies in duodenal mucosal tissue. Different types of viral 
vectors and chitosan polymer-based non-viral vector were compared. An equal volume of vector 
solutions were injected into the lumen of the duodenum. Values are mean ± SEM, n=4 to 6 per 
group. 




Panel B: Plasma human C- 
peptide levels in mice treated with 
chitcsan-packaged rGEFVhlns 
gene. Two hundred and fifty pi 
of vector solution was incubated 
in the lumen of the duodenum of 
C47/BL6 mice (n=6) as 
described. Data shown are mean ± 
SEM. 
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Panel C: Oral glucose dependent 
secretion of human C-peptide in 
mice treated with chiiosan- 
packaged rGIP/hlns gene. Animals 
were fasted overnight and a glucose 
bolus (2 g/kg dose in 200 |iL 
volume) was given by oral gavage. 
Blood samples were collected at 
times indicated. Data shown are 
mean ± SEM. 
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Exhibit C 




Immunohistochemical staining for mature human insulin in a gut endocrine cell line (STC-1). 
Cultured STC-1 cells were transfected with a CMV-promoter linked human proinsulin gene 
construct, followed by co-staining with antisera specific for mature insulin (red) and GIP (green). 
Cells were also stained with DAPI to demarcate the position of nuclei in cells (panel A). 
Immunoreactivity to mature human insulin was detected in cluster of GIP-expressing K-cells 
(panel B), Representative micrograph depicting a distinct cluster of non-K-cells (negative for 
GIP immunoreactivity, non-green cells) capable of expressing mature human insulin. 
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EXHIBIT D 

Rapid transformation of white adipocytes into 
fat-oxidizing machines 

Lelio Orci** William S. Cook*, Mariella Ravazzola* May-yan Wang*, Byung-Hyun Park*, Roberto Montesano\ 
and Roger KL Linger** 5 

♦Departrnem of Morphology, University of Geneva Medical School. Rue Michel Servet 1. CH 1211 Geneva 4 Syrian* 9 ®^^^*£$*. 
To^teSntcenT^ Z Diattus Research. University of Texas Southwestern Medical Center. 5323 Harry Mines Boulevard. Y8.212, Dallas. Tx 7S39M8S4; 
and *Veteran$ Affairs Medical Center, Dallas. TX 75216 

Contributed by Roger H. linger, December 15. 2003 

Adenovirus-irtduced hyper le-ptinemia rapidly depletes body fat in 
normal rats without increasing free fatty acids and ketogenesis, 
implying that fat-storing adipocytes are oxidizing th* fat. To 
analyze the uttrastructural changes of adipocytes accompanying 
this functional transformation, we examined the fat tissue by 
electron microscopy. After 14 days of hyperteptlnemia, adipocytes 
had become shrunken, fatless, and encased in a thick basement- 
membrane-like matrix. They were crowded with mitochondria that 
were much smaller than those of brown adipocytes. Their gene 
expression profile revealed striking up-reguktion of peroxisome 
prolif erator-activated receptor y ccactivator 1 a (an up-regulator of 
mitochondrial biogenesis not normally expressed in white fat), 
increased uncoupling proteirts-i and -2, and down-regulation of 
lipogenic enzymes. Phosphorylation of both acetyl CoA carboxy- 
lase and AMP-activated protein kinase was increased, thus explain- 
ing the increase in fatty add oxidation. The ability to transform 
adipocytes into unique fat-burning cells may suggest novel ther- 
apeutic strategies for obesity. 



Intense hyperleprinemia induced in normal rats by means of 
adenovirus-mediaied transfer of ihe lepiin gene causes the 
rapid disappearance of all visible body fai wiihin 7 days (1). 
Because this fulminating fai loss is unaccompanied by any 
increase in plasma free fatty acids (FFA) and /3-hydroxybutyrate 
levels or of kctonuria (2). it contrasts sharply with the fat loss 
induced by starvation and insulin deficiency, in which FFA 
released from adipocyies are oxidized to ketones in the liver (3). 
A possible explanation for this radical metabolic difference is 
in the hyperleptinemic animals FFA are oxidized inside the 
adipocytes. The gene expression profile of overleptinizcd adi- 
pose tissue ift consistent with this hypothesis (4), as is the fact that 
isolated adipocytes respond to recombinant leprin with a release 
of glycerol unaccompanied by the parallel release of FFA 
induced by other lipolytic hormones (5). 

In this article, we report on the morphologic and molecular 
changes that occur in white adipocytes as they are transformed 
by hyperleponemia into mitochondria-rich fai-burning cells. The 
findings suggest a metamorphosis of fai-laden white adipocytes 
into a unique fat-free, mitochondria-rich cell type morphologi- 
cally distinct from other related cells. The remarkable increase 
in internal combustion of fat seems to result from a leptin- 
induccd increase in the phosphorylation state Of AMP-activatcd 
kinase (AMPK), together with increased expression of peroxi- 
some proliferaior-activaied receptor (PPAR)y reactivator la 
(POC-Xa) and thermogenic proteins and decreased expression 
of lipogenic enzymes. 

Experimental Procedures 

Animals. EighMwcck-old wild-type Zucker diabetic fatty (ZDF) 
rats (+/+) weighing between 280 and 300 g were used. Ade- 
novirus containing either the rat leptin cDNA (AdCMV-Jeptin) 
or the 0-galactosidase cDNA with the cytomegalovirus (CM V) 
promoter was prepared and administered intravenously as de- 
scribed (1). Body weight mcaKurfinifirtK confirmed weight loss. 



Hvpcrleptincmia was quantified by leptin RIA Of plasma (Linco 
Research Immunoassay, St. Charles, MO). Triiodothyronine 
was measured with the DiaSorin Free T 3 RlA kit (Stillwater, 
MN). Rats were killed under pentobarbital anesthesia at 7. 10, 
Ot 14 days after injection. An cpididymal fai pad or its remnant 
was resected from each rat and fixed for microscopy or frozen in 
liquid nitrogen for mRNA or protein analysis. 

Processing for Light and Electron Microscopy. Epididymal fai pads 
and fat pad remnants from hyperleptinemic and control animals 
were fixed in 2% glutaraldehyde in 0.1 M cacodylatc buffer ipH 
7,4)- For conventional electron microscopy, the samples were 
postfixed with OsOd, dehydrated with alcohol, and embedded in 
Epoxy embedding medium {Epon; Fluka). For light microscopy 
immunohistochcmisiry, the OsOq step was omitted. For electron 
microscopy immunocytochemistry, samples of glutaraldehyde- 
fixed epidicrymal fat were embedded in 12% gelatin, infused with 
2.3 M sucrose T and frozen in liquid nitrogen for cryo* 
uliramicroiomy. Ultralhin cryosections were cut at -IZtTC and 
picked up with a mixture (1:1) of 2.3 M sucrose and 1.8% 
methylcellulose (6). Scmithin (J-^m thick) sections Of Epon- 
embedded fat were examined by phase contrast microscopy. 
Immunofluorescence reactions were performed on scmithin 
sections of nonosmicated tissue after removal of Epon. Sheep 
anti-collagen IV (a gift of G. Martin, National Institute of Aging, 
Bethesda, MD) was used at 1:1,000 dilution, followed by FTTC- 
conjugated rabbit anti-sheep IgG (Biosys, Columbia. MD). 
Ultrathin cryosections were incubated with sheep antibody to 
collagen JV (1:2,000 dilution) or rabbit antibody to mouse 
perlecan (a gift of J. Hassel, University of Pittsburgh, Pittsburgh, 
PA) diluted at 1:250. The sections were subsequently incubated 
with rabbit anti-sheep anribody followed by protein A-gold (for 
anti-collagen IV) or directly with protein A-gold (for and- 
perlecan J. For quantification of adipocyte size, scmithin sections 
{1- to 2-fim thick) or thin sections were analyzed by using a Zeiss 
Axiophot microscope equipped with an AxioCam digital cam- 
era. Data of sectional area and ceP. perimeter were obtained by 
using the axiovisiOn software for digital image processing. Data 
arc presented as mean ±. SEM. 

Real-Time PC* Analysis of mRNA. To quantify mRNA by real-time 
RT-PCR, total RNA was prepared from frozen tissue samples by 
using Trirol according to the manufacturer's protocol (InvitrO- 
een). Genomic DNA was removed from the total RNA prepa- 
rations bv using DNA-frcc Dnase 1 (Ambion, Austin. TX). RNA 
from each sample was diluted to 5 ng/jU. and 100 ng of RNA was 
reverse transcribed in a 1(K)-(l1 reaction with random hexamers 
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fic, i Hypeflftptinemia induces tensive lipid depletion in adipose tissue. (A) Semrthrn section of norm*! epialdymalfat pad tissue from control rats 14 days 
after Infusion with pV^laciOSldKe adenovirus. 10) Epididymal fat ceJ Is 1 4 days after inf wi on with lefnln adenovirus. The cells are f at-depl«ed wi* a f ew residual 
lipid droplets Ond a highly indented svrfiKt. (O Low magnification electron miere«opic view showing a highly convoluted surface of posxadipocytes emt*dded 
within an exceedingly thick I of apparently amorphous Fn«erfai, which separates individual Cell* from the collagen-fibril-rich interstitial m«r.*, 



(TaqMan Reverse Transcription Itii, Applied Biosystems) as 
described (7). Data were analyzed by using SDS M software 
(Applied Biosystems)- Relative quantification of gene expres- 
sion was by the comparative Or method with 36B4 mRNA as an 
endogenous control (User Bulletin no, 2, Applied Biosystcms). 
Primers were designed with primer express 2.0 (Applied Bio- 
systcms). Their sequences are shown in Tabic 2, which is 
published as supporting information on the PNAS web site. 

Immunoblotting Analysis. Total cell extracts prepared from fat 
tissues of lean +/+ mis that were treated with AdCMV-leptin 
virus for 34 days were resolved by SDS/PAGE and transferred 
to pory{vinylidene difluoridc) membrane (Amersham Pharma- 
cia Biosciences). The blotted membrane was treated in ix 
Tris-buffered saline containing 0JS£ Tween 20 and 5% nonfat 
dry milk for 1 h at room temperature with gentle, constant 
agitation. The following antibodies were used; ami -acetyl Co A 
carboxylase (ACC) (Alpha Diagnostic San Antonio. TX). anti- 
AMPKcr and anii-phospho-AMPK (Thr-172) (Cell Signaling 
Technology, Beverly. MA), anti-phospho-ACC (Scr^79) (Up- 
state Biotechnology, Lake Placid. NY), anti-cyioehrome c (BD 
Bioscicnccs/Pharmingen), anti-cytochromc c oxidase IV sub- 
unit 5b (Molecular Probes), and ami-uncoupling proteins 
(UCP)-l and -2 (Alpha Diagnostics). 

Results 

Clinical Effects of Adenovirus-Jnduced Hyperleptinemia. Lean wild- 
type (+/+) Zucker diabetic fatty rats with an average body 
weight of 280 2: 20 g received recombinant adenovirus contain- 
ing the leptih cDNA. Body weight declined to 207 = 5 g in 14 
days. Plasma lepiin levels rose from 3.5 : 1.2 ng/ml before 
treatment to a value of 265 r 88 ng/ml 7 days later, followed by 
a decline to 36 x 12 ng/ml at 14 days, Tri-iodolhyronine levels 
were normal. Hypcrlepiinemic animals were in their usual state 
of health, except for a 30% red ucr ion in food intake. 



Mkroscopfr features of Upid-Depteted Adipocytes. After induction 
of hyperleptinemia. the epididymal fat pad was rapidly trans- 
formed into a fatless. hypervascular fat pad remnant (data not 
shown). In the place of the well differentiated spheroidal adi- 
pocytes present in control rats (Fig. 1A)> semithin sections of the 
remnant fat pad revealed irregularly shaped shrunken cells in a 
well vascularized stroma with extreme folding of the cell surface 
(Fig. IB). There was a dramatic decrease in the size of leptinized 
adipocytes when compared with fat cells Of control rats: the 
sectional area of untreated control adipocytes declined in 14 
days from 4,147 z. 255 jum 2 to 102 3: 6 tun\ whereas cell 
perimeter was proportionally less reduced (from 313 x 11 ptm to 
183 r 20 fun), as expected from the highly indented surface of 
post adipocytes". 

A thick pericellular matrix filled the infoldings of the cell 
surface (Fig- 1C). At higher magnification (Fig. 24), the matrix 
displavcd a texture similar to, albeit less compact than, that of the 
basal lamina that surrounds ^vcll differentiated adipocytes. In 
contrast to the thin line of collagen IV immunofluoresccnt 
staining that surrounds normal adipocytes (8) (Fig. 2B). collagen 
IV immunofluorescence thickened progressively in the lep- 
tinized cells (Fig. 2 C and D). 

Although electron microscopy revealed ImmunoGold labeling 
for collagen IV and perlecan (two major components of base- 
ment membranes) to be present throughout the pericellular 
matrix (data not shown), the mRNAs of collagen IV, perlecan, 
and laminin a4 and 01 chains were not increased (Table 2) nor 
was there a reduction in the ntRNAs of three matrix metal- 
loproteinases involved in extracellular matrix remodeling (Table 
2), However, the expression Of the physiological metal- 
loproteinase inhibitors TIMP-L -2, and -3 {9) was increased at 
7 days but not thereafter (Table 2). Expression of 01 integrum 
which play an important role in basement-membrane assembly 
(10). was markedly reduced nt 10 and 14 days of hyperleptinemia 
(Table 2), raising the possibiliiy that 0J integrins were insuffi- 
cient for the formation of a normal basal lamina. 
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Fig. 2. unrsfftrunurat and immunocytochernfcal features of me postadipocytc pericellular moth*. [A) Posiarfipocy^cs from r«sinfv*ed for I4dayswith1eptin 
adenovirus are surrounded by a very thick Jayer of fifthly granuiat material (asterisks) mat separates them from the collagen fibrils of the interstitial matrix. (S) 
Jmmurtecyroehcmieai localization of collagen xype IV in control epidrdymal fat pad tissue. Imrnunorcsctivity is detected as a thin, faint line surrounding each 
individual adipocyte and corresponding to the location of th* bflWl lamina. iO Pour days after trie infusion of leptin adenovirus, adipocytes still present a 
spheroidal Shopc, but thei' sl« has decreased. Collagen IV raining at the cell periphery appears consider abry thicker th$n in cenwi fats, (p) After 14 days of 
hyper leptlrtemla, adipocytes are further reduced in size, and their highly intfenwd svrf«e displays a Thick, scalloped collagen tv immunoreactivity. 




Expression of Adipocyte Cell Markers. To determine whether ihe 
fipid-depleied white adipocytes had been convened to a closely 
related fat-burning cell type, brown adipocytes, we assessed the 
protein or mRNA of genes that are normally expressed at high 
levels in those cells. UCP-1. normally found only in brown 
adipose tissue, was present by irnmunoblotting in the white fat of 
the leptinized rats (Fig. 3D), but it was weJJ below the levels 
normally prey em in hrown adipose tissue. Cidea mRNA, which 
is present in brown adipocytes (11 ), was not detected (Fig, 3/1). 
The molecular hallmarks of mature white adipocytes, such as 
adipocyte fitiy acid-binding protein 2 (aPj) and leptin, had 
disappeared (Fig. 3/1), but some brown adipocytes markers* such 
as Cidea, were absent. For this reason they were designated 
post adipocytes. 

Expression of Transcription Factors of Lipid Metabolism. Neither 
PPARcr. which targets enzymes of fatly acid oxidation and is 
necessary for the fat-depleting action Of hyperieptinemia on 
adipocytes (12), nor PPAR5, recently shown to activate fat 
burning (33). were altered bv hypertepiinemia. The adipogenie 
transcription factors SREBFMc, ChREBP. and FOXOl (J4J t 

3060 | www.pn3s.prg/<gi/aD?/lO.ia73/prvat.03083SaiOO 



but not FPARcf. were significantly suppressed during the first 
week of hyperlcptincmia, whereas the anii-adipogenie factor 
FOXC2 (15) was significantly increased (Table 1). 

Activity and Expression of Enzymes of Fat Metabolism* Conversion of 
adipocytes from fat-storing to fat-burning cells could be the 
result of a reduction in malonyl Co A, the substrate for lipogen- 
esis and an inhibitor of fatty »eid oxidation (16). Because 
malonyl Co A production can be blocked by phosphorylation of 
ACC ( 17). wc measured P-ACC (ct plus 0) in the fat pad remnant 
and found it to be increased compared to un leptinized control 
rats (Fig. 35). Because ACC phosphorylation is catalyzed by 
AMPK, which is activated by phosphorylation (17, 18), wc also 
measured P-AMPK. It. too. was increased in the fat tissue of 
leptinized ruts (Fig. 35). confirming the finding of Minokoshi cr 
ol r (19). It is likely that the increase in P-AMPK, by inactivating 
ACC, was a factor in the lipid depletion in adipocytes. 

To determine the role of down-regulation of expression of 
lipogenic enzymes, we measured the mRNAs of ACCor and 
ACC0, fatty acid synthase (FAS), siearoyl CoA desaturase J 
(SCD-J), and glyccrol-3-phosphate acyl transferase (GPAT) 

Orel era/. 



PAGE42»8 *RCVD AT 7/11/2006 1:46:11 PM [Eastern DaylightTime]* SVR:USPT0-EFXRF-3/12* DNIS:2738300 * CSID:+858 5094010* DURATION (mm-ss):19-18 



07-11-06 



10:47am F rora-P I LLSBURY WINTHROP SHAW PITTMAN LLP 



+858-509-4010 



T-482 P. 043/058 F-203 



A . aP2 

c 



1.5- 



Leptin PGC-1a Cidea 



++ + 
+++ 



1900 



SO 



CUT* 0 7 TO if Dm C 7 1CH Of»0 7W«»»t Myt flTH«i*l 



B 



- P-ACC — 



Wm 



- ACC 



Days 0 



14 




- AMPK 



FAS SCD-1 6PAT 



if 2 

M 

5 o 



... w 




W A 

ft*. 

■ — ._— ii 


J A 



Q Cvto C Oxidase IV UCP-1 



UCP-2 



Days 0 ID 14 



10 14 



10 



14 



Fig, 3. Effects of adenovims-irtduced hyperleptinemia on epldldymal white 
fax Tissue. (A) Effect of adenovirus-indueed hyperieprinerTiia on the mRNA o* 
gene* normally e*pre*ied at high levels in mature white adipocytes [adipocyte 
f any acld-bf nding protein 2 (aPri and leptin) and On $enes normally expressed 
« high levels only in brown adipocytes (BAT). mRNA is expressed as fold 
change from 0 time. (0 time; n = 4; 7 days: n - 4; 10 days; /i - 3; 14 days: n « 
3.) p < 0.05; *> P < 0.O1. (fl> Effect of adenovirus-indueed hyperleptinemia 
on the total ampk and Tnr-i72-phosphorylated a-subunii of AMPK and the 
total ACC and the Ser-79-phosphoryl«ed ACCa and -p. We assume that it fe 
largely the 0 isoenzyme, because ACCa mRNA was so strongly down-reo. dated 
[see below). Phosphorylation inactivates ACC and activates AMPK. (O Effect of 
hyperleptinemia on mRNA of Key lipogenie enzymes ACCd, ACCp\ fatty add 
synthase (FAS), stearoyl CoA desaturase 1 {SCD-1 )> and o,ly<*rOl-3-ph0*pnate 
acyl transferase (GPAT) exprctoed a* fold change at 7. 10. and 14 days after 
treatment, v P< 0.05; *, P < O.Q1 . (£7) Immunoblotting showing effect* of 
hypcfleCTincmlB on mitochondrial proteins cytochrome C oxidase IV subunii 
5b and uCp-i and -2. 



(shown in Fig. 3C) and ATP citraie-lyase (data not shown). 
Except for ACC/3, which rose —8-fold, all were significantly 
reduced at all points measured after leptin treatment (Fig. 3C) t 

Table 1. Relative changes in transcription factor mRNA content 
Days of hyperleptinemia 
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\ P<0.05. LXR, liver X receptor; SR6BP, sterol regulatory element-binding 
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suggesting that reduced biosynthesis of new ACCa. as well as 
inacttvation of ACC^ may contribute to the fat loss. There was 
no change in the expression of the oxidative enzymes camitine- 
palmitoyl transferase 1 or acyl CoA oxidase (Table 2). 

Hyperleptinemia Converts White Adipocytes into Mitochondria-Rich 
Cells. Conversion of a fat-Storing eel] into a fat-burning cell would 
require a substantial up-regulation of mitochondria. The most 
remarkable ultrastructural finding in postadipocytes was a pro- 
fusion of filamentous mitochondria (Figs. 2A and 44) containing 
numerous cristae embedded in a highly electron-dense matrix 
(Fig. 4B). The apparent increase in mitochondria cannot be 
explained entirely by the reduction in cytoplasmic volume re- 
sulting from lipid depletion, because starvation-induced volume 
reduction of adipocytes is not associated with a comparable 
abundance of mitochondria (20). Moreover, the mitochondria in 
Starvation are pleomorphic and have a less electron-dense matrix 
(20). The posiadipocyte mitochondria differ from those of 
brown adipocytes, which are much larger and more spherical 
with crisxae that traverse the entire width of the organelle (Fig. 
4C). There was also an increase in mitochondrial proteins 
cytochrome c oxidase IV and UCP-1 and -2 (Fig. 3D) but not in 
cytochrome c (data not shown). 

To determine the mechanism of the apparent increase in 
mitochondria we measured PGCl-a, which regulates mito- 
chondrial biogenesis in brown adipocytes and muscles of 
normal animals (23-23) but is very low in white adipose tissue. 
Consistent with the increased mitochondria] abundance, 
PGC-let mRNA was strikingly elevated in the postadipocytes, 
reaching at 7 days after leptinization the levels found in brown 
adipose tissue (Fig. 3A). A progressive decline in PGC-la 
mRNA followed as fat disappeared. There were no important 
changes'™ the mRNA of various factors involved in PGC-la 
activation and actions and in mitochondrial functions other 
than a decline in the mRNA of nuclear respiratory factor 
(NRF-1) and mitofusin (Table 2). 

Discussion 

In the unique type of fat loss induced by hyperleptinemia, the 
fatty acids appear to be oxidized inside the white adipocytes (2) 
rather than released and carried to the liver for oxidation to 
ketones, the classical pathway in Olher fat-losing conditions (3). 
In this article, we describe profound morphological and molec- 
ular changes in white adipose cells that are consistent with their 
transformation by hyperleptinemia into fat-burn ing cells. 

Nor mul-appearing, fat-tilled adipocytes were replaced by ir- 
regularly shaped, fat-depleted, shrunken cells with extensive 
infoldings of the cell membrane. These cells could be identified 
as "former" white adipocytes by tiny residual fat droplets. A 
thick layer of diffuse basement-membrane-likc matrix sur- 
rounded these postadipocytes, but the mRNA levels for base- 
men i-membrane proteins and for matrix metalloproteinases and 
their inhibitors provided no clue as to mechanism. Conceivably, 
the marked decrease in pi integrin prevented rhe assembly of 
basement-membrane components into a condensed extracellular 
matrix layer (10). 

The postadipocytes contained a profusion of mitochondria 
thai differed in size and appearance from the much larger 
mitochondria of brown adipocytes, in which the cristae traverse 
the entire organelle. This mitochondrial abundance was accom- 
panied bv profound changes in the expression profile of post- 
adipocytes. Most striking Of these changes was the increase in 
PGC-lc* mRNA, which rose from the very low levels; normally 
present in white adipose tissue to those of brown adipose tissue 
(Fig, M). Because PGC-la is involved in mitochondrial biogen- 
esis (21-23). its increase may have played a role in the abundance 
of mitochondria in posradtpocytcs. Indeed, when PGC-la is not 
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Fig, 4. Mitochondrial ultrastructurc in hyperfeptlnefnlc white postadipocytw and in brown adipocytes. (A) Mitochondrial abundance (n The cytoplasm of a 
pC*t$o*ipocyte. is) Higher magnification of ahyperleptinemia-induceuposiadipocyw reveals that mitochondrial crfctoc ore embedded lnanelecrrorw>ensemirtri^(C) 
Mitochondria from on unvested brown adipocyte. AKhwSh the magnification is lower than That in B. mitochondria appear much larger than those of white 
posradipocytcs in addmon. their matrix is less ctcCtrCKwiense than in mitochondria of white pwwdlpocytes, and their cristae Traverse the entire width of the organelle. 



increased, as in fat cells Of adenovirus-leptin-trcatcd PPARa- 
null mice, the byperleptinemla fails to induce adipocyte fat Joss 
(12). Because forced expression of PGC-1« in human fat cells 
enhances their oxidation of fairy acids (24), it is quite likely thai 
its increase was responsible for the loss of fat through "internal 
combustion/" 

The intraadipocyte disappearance of fat induced by hyperlep- 
tinemiu differs sharply from that of starvation and insulin 
deficiency, in which fatty acids arc released from adipocytes and 
oxidized in the liver. The increased fatty acid oxidation inside 
white fat tissue can be explained by the changes in the phos- 
phorylation state of key liporegulatory enzymes, The phosphor- 
ylation of ACC0 would reduce mitochondria] malonyl CoA (25), 
thereby increasing fany acid oxidation, whereas the down- 
regulation of genes encoding lipogenic enzymes, such as ACCa 
and other lipogenic enzymes, would reduce their capacity to 
form new fat. The inactivation of ACC/3 by phosphorylation (Fig. 
3fl) would lower malonyl CoA and thus enhance oxidation of the 
existing fatty acids (16). Finally, the abundance Of mitochondria, 
induced by the high FGOlct Jev«-I«>, would expand the oxidative 

2062 j wrtww.pnas.org/cgi/dai/1O.1O73/pnaSwO308Z5Bl00 



machinery required for enhanced oxidation, while increased 
UCP-1 and -2 protein would dissipate the uiineeded energy as 
heat. Although this combination of events was reminiscent of 
hyperthyroidism, tri-iodothyronine levels were not increased in 
the plasma of the leptinized rats. 

The metamorphosis Of fat-storing white adipocytes into 
fat-oxidizing cells may have important therapeutic implica- 
tions for the treatment of obesity. The fat loss induced here was 
far more rapid mid profound than Can be induced by caloric 
restriction. Moreover, it was devoid of the kctonemia, loss of 
lean body mass, hunger, and other side effects that plague this 
form of "therapy. Control rats pair-fed to the ovcrleptinized 
animals were clearly unwell, exhibiting kctonemia, reduced 
physical activity, obvious hunger, and evidence of negative 
nitrogen balance, whereas the hyperleptinemic rats seemed 
healthy and normally active or hyperactive, except for disin- 
terest in food. In addition, the fat loss persisted lor months 
after the hypcrleptincmia had waned, whereas fat lost through 
dietary restriction was recovered far more rapidly. This phe- 
nomenon could be the rcsuh of severe hypoleptinemia induced 

Orct ct st. 
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Hg. 3. Comparison o* th* effects of endogenous (aaipocyte-deriwrf; ieft) 
and ectopic (liver-derived; fi/ghf) hyperteptlnemia on white adipocyte mor- 
phology- {Uft) As obesity develop*, The accumulation of triglycerides is ac- 
companied by progressively increasing hyperlept»r*mia. The fat-buming ac- 
tion of the hyocrieptlnemia on the adipocytes is completely blocked, possibly 
by feaor(s) ihai are coexprctted with leptin. This blockade preserves the 
physiologic mission o* the adipocytes, which is to store fat so as to provide fat 
fuel during famine, (fl/g/it) When the hyper lepilnemia is ectoptolly derived, 
as in normal rars treated wrth recombinant adenovirus containing the lepiin 
cDNA. there is no btaekade of lepiin action on adipocytes. Liver-derived 
hyperlcptinemia rapidly Transforms adipocytes into mitochondria-rich, far- 
burning postadipocytes that are essentially fatless. 

by caloric restriction; indeed, it has been demonstrated that 
caloric restriction plus the maintenance of normolcptinemia 
with ieptin replacement is more effective than caloric restric- 
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don atone (26), and it is possible lhat hyperleptinemi:i would 
be even more so. 

It is unclear from these results whether the hypcrlcptincmin 
acted directly on the adipocytes or by means of a central 
mechanism. Desphe the importance of hypothalamic mediation 
of lepiin actions, there is evidence that, at least at high concen- 
trations, leptin acts directly on white adipocytes. Leptin acts on 
normal cultured adipocytes in vitro, causing effects similar to 
those observed here (S)] and it causes the complete disappear- 
ance of fat in dcncrvaied fat pads m vivo (27). strong evidence 
for a direct effect, at least in pan. 

If this interpretation is true, it begs the question as to why the 
high lepiin levels in the interstitial fluid surrounding the adipo- 
cytes of rats with diet-induced obesity cannot induce in adipo- 
cytes the same changes that arc induced by the nonadipocyte- 
derived hyperleptincmia. even though the interstitial leptin 
levels must be comparable. We hypothesize that to maintain 
their vital function of fuel storage and conservation, the: adipo- 
cytes must mount a powerful defense against their own leptin to 
prevent wasteful loss of their fat stores, such as we induced here 
(Fig. 5). If this defense against the lepiin that they release could 
be pharmacologically inactivated or circumvented, a futile cycle 
would be created in which an increase in imraadipocytc fatty 
acids would trigger a leptin-induccd increase in imraadipocytc 
fatty acid oxidation. Such an effect would make obesity impos- 
sible and might lead to a quick and safe solution Of the obesity 
problem. 
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ABSTRACT The effect of oral administration of sugars 
and their enalogues (glucose, galactose, fructose, mart- 
nose, sucrose* rt-acetylgiucoMmme, Z-dfco>tfgfuc<we. 3- 
CMncthytglucose and er-methyJ-glucoslcJe) on plasms gas- 
tric InWWtory po^peptWe (QIP) concentration was exam- 
ined in 18-h fasted o&Cb mice. Administration of sucrose 
(5^2 mot/kg body wt), of the monosaccharides {MM 
moUkfl body wi) fllucnse* galactose or fnirtose, dfctted 
prompt Gfl> responses* that peaked at 30 mln. SlmflaT ef- 
fects were Induced by 3-O-methyiglucose or a-methyV*g)u- 
coslde, but the stimulatory action of 2-deo*yn1ucose was 
delayed. In contrast to the other sugars, ff-acetyiglucos- 
amine decreased pbsroa GlP concentration* while man- 
nose exerted no effect. The resuits suggest that sugars 
using the Na* -glucose cotransporte/ at the luminal brush 
border stimulate GO* release without the necessity of being 
metabolized or removed from the cell by the glucose trans- 
porter at the basolateral membrane- The abilty of fructose 
to stimulate GlP release in oa/o© mice suggests that the 
[Ha* -glucose cotra reporter does not represent an exclusive 
trigger for sugaMnduced GlP secretion. J- rHutr. 119: 
1300-1303, 1989. 

INDEXING KEY WORDS: 

■ enteroinsutar axis • gastric inhibitory 
polypeptide (GtP) • ob/ob mice • mannose 

* fructose * sucrose * glucose ♦ galactose 

■ sugar analogues 



Studies in humans and experimental animals have 
shown that obesity-diabetes syndromes are often as- 
sociated with increased activity of the entcroinsular 
axis, as exempli hed by an enhanced secretion or in- 
suIinotTopic action of gastric inhibitory polypeptide |GIP) 
|1 -3), This abnormality is particularly marked in adult 
obese hyperglycemic \ob/ob) mice that serve as a useful 
model to investigate the causes and consequences of 

0Cri2-3l6A/B9 S3.00 C 1989 American Institute of Nwtnrton. Received 2) Nrwtmhcr 1986. Acceded lU April l$>fiy, 
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GlP hypersecretion. Previous studies have indicated that 
hyperplasia of CIP-sccreting K-cells, elevated intestinal 
GIP content and increased plasma GIP concentration 
of ob/ob mice arc determined by the quantity and nu- 
trient composition ol the diet |4, 5}. 

Orally administered glucose, a mixture of amino acids 
and a fat emulsion each evoked a prominent increase 
in plasma GlP in adult ob/ob mice [6), Furthermore, 
neutral and basic amino acids were equipotent, whereas 
fatty acids produced particularly marked, but variable, 
GIP responses (7 ; Plait, P. R., Kwasowski, P. & Bailey, 
C- )-, unpublished data]. Long-chain fatty acids were 
more potent stimulators of GIP release than fatty acids 
that arc not esterified into triglycerides following ab- 
sorption (7), To further evaluate the specificity and 
mechanism of nutrient-stimulated GIP release, the 
present study examined plasma GIP responses of obf 
ob mice after oral administration of natural sugars and 
glucose analogues with well-defined intestinal trans- 
port characteristics. 



MATERIALS AND METHODS 

Animals. Groups of obese hyperglycemic \ob/ob) mice 
on the Aston background were used at 17-17 wk of 
age. The origin and characteristics of these mice have 
been described elsewhere (8-10). Briefly, heterozygous 
C57BL/6J ob/-r breeding pairs from the Jackson Lab- 
oratory, Bar Harbor, M£ were obtained in 1957 and 
outcrossed to two noninbred strains selected for high 
litter size and increased growth rate. Heterozygous 
breeding pairs from this stock were transferred to the 
University of Aston in 1966, where they were used to 
establish a closed noninbred colony. The severity of 
the diabetes in the Aston stock is intermediate between 
that of C57BL/6J and C57BL/KsJ ob/ob mice (9, JO). 
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EFFECTS OF SUGARS ON CIP RELEASE IN ob/ob MICE 



Mice weTe housed in an aii -conditioned room at 22. 
± 2*C with a 12-h light/dark cycle. A standard pelleted 
nonpurificd diet (mouse breeding diet, Heygate & Sons, 
Northampton, England) and cap water were supplied ad 
Jibitum. The diet consisted of 2.5% fat, 17.6% protein 
and 46-8% carbohydrate (digestible energy 15-3 Mj/kg 
diet) with added fiber, vitamins and minerals as de- 
scribed elsewhere [11}. 

Experimental procedure Sugars {Sigma Chemical, 
Poole, England) were administered intragastrically to 
conscious 18-h fasted ob/ob mice. The sugars (all D- 
stcreoisomers) tested were glucose, galactose, fructose, 
mannuse, sucrose, N-ficetylglucosamine, 2-deoxyglu- 
cosc. 3-O-methylglucose and a-methyl-glucoside. All 
sugars except sucrose were administered at a dose of 
1 1.04 mmo]/[8 ml • kg body wt| corresponding to a dose 
of 2 g glucose/kg body wt that is commonly employed 
in glucose tolerance tests (6 # 12). Sucrose, which yields 
equimolar amounts of glucose and fructose on hydrol- 
ysis, was given at half of this dose [5.52 mmol/[8 ml ■ 
kg body wt)). Blood samples (60 m-1) were taken from 
the tail tip of the mice immediately before and at 30, 
60 and 120 min after administration of the sugars. 

Analyses, Plasma imxnunorcactive GIP was meas- 
ured by double-antibody radioimmunoassay 1 13) using 
donkey anci-rabbit gamma globulin antiserum to sep- 
arate bound and free antigen- Immunoadsorbed GIP- 



free plasma was used to minimize nonspecific inter- 
ference, and parallelism was demonstrated between the 
standard curve and serially diluted ob/ob mouse plasma. 
Natural porcine GlP was used to prepare | 125 I]GIP and 
as a standard. The GIP antiserum (R1C34/TO), raised in 
rabbit against a porcme GIP-glutaxaldehyde-ovalbumin 
conjugate ; exhibits negligible cross-reactivicy with other 
emeropancreatic hormones. 

Statistics. Data were assessed a priori by means of 
two-way (sugar x time) analysis of variance. Exami- 
nation of the data in Figure 1 indicated heteroscedasity 
(Hartley's = 105). These data were therefore an- 
alyzed following log 10 transformation (Hartley's F mn = 
49, indicating homoscedasity). Differences between in- 
dividual data points were assessed by one-way analysis 
of variance, followed by Duncan's multiple range anal- 
ysis. Differences were considered to be significant if P 
< 0.05. 



RESULTS 

Plasma GIP responses of ob/ob mice to orally ad- 
ministered sugars are shown in Figure I. Of the sugars 
tested, only mannose lacked a significant effect on 
plasma GIP concentration. Administration of sucrose, 
glucose, galactose or fructose elicited prompt GIP re- 
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FtCVJtE 1 Plasma Rastrie inhibitory polypeptide (GIPJ responses to sugars in lR-h fasted ob/ob mice. Values arc means ± 
sem of groups of five mice. " P < 0:05 compared with time 0. ANOVA COrthnntid th:it plasma CIP concentration was significantly 
affected by rime and by administration t>( diifcrent sugars {P < D-O[)01j. There was also a significant interaction between these 
rwo variables (P < 0.0001), 
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TABLE i 

Effect* Qf$vgara on pUam* gitfroc fotUbitcry polypeptide (GIF) 
ctnxcttimtfon in iS-b hsird ob/ob mice* 



|jicrcrocnt2i 
G1P response 
(0-30 fllittl 



Integrated GIF 

response 
|0- 120 min) 



Glucose 
Galactose 

Maudes* 
Sucrose 

N^Acetylglueosacnine 
2-Dcaxyglucroc 
3~0~MeUiylgtaco*e 
a *Mcthyi-glu wiidt 



1215 ± 3S4- b 
1467 t 366- h 
864 - 3S3 
79 i 341 
1412 = 
-148 ^ 163 
113 t 243 
|dp6 - 440** 
1806 a SIS**" 



pg/fmhh) 
313 = 456** 
1491 * 175* 
861 s 31t> b 
- 144 ± 393* 
893 * 470* 
-994 r 233 1 
2367 ± 623* 
1030 £ 520* b 
1112 * 



■Values *rc m*»fts * S£M of groups 0* five mice. Superscript letters 
indtotc P < 0-05 compared with *2-dct«tygluco4c and *N-acerylglu* 
cMalfiiftC, fis assessed by Duncan's multiple range snoiyais- The in- 
elemental GIP response* and ihc integrated CT P response* f o glucose, 
gabciase, Iruciose. sucrose, 3-Omcthyl*lucose and amtthyl-ghj- 
coside were not significantly diilereni, a& assessed by Dirown'3 mul- 
tiple range finely***- 

sponscs that peaked at 30 min. Similarly rapid effects 
were observed in response to the analogues 3-O-meth- 
ylglucose or a-methyl-glucosidc. However, the stimu- 
latory action of 2-deoxyglucose was considerably de- 
layed, with GIP concentration continuing to increase 
at 120 min. In contrast to the other sugars, N-acetyl- 
glucosamine decreased plasma GIP concentration by 
6G min. 

Table 1 summarizes the incremental GIP response 
between 0 and 3D min, as well as the overall integrated 
response. The latter was calculated as: pg/jml • h) = 
|GIF at 130 + 60 + 120 min) - [3 • basal GIPJJ/2. No 
significant differences were noted in the incremental 
response of those sugars that exerted prompt stimula- 
tory effects on GIP release, namely, sucrose, glucose, 
galactose, fructose, 3-O-methylglucose and a-methyl- 
glucoside. The overall integrated GIP response to these 
sugars was also similar. Compared with the other sug- 
ars, the overall integrated GIP response to 2-deoxyglu- 
cose was significantly enhanced iexcept compared with 
galactose), and the response to N-aoetylglucosamine was 
significantly reduced (except compared with mannosc). 

DISCUSSION 

Hyperinsulinemia is an early pathogenic feature m 
obese hyperglycemic |ob/ob) mice which makes an im- 
portant contribution to the severity of insulin rcsi st- 
ance and rIucosc intolerance |10). Short-term feeding 
of oh/ob mice with isocnergetie diets of different nu- 
trient composition has shown that carbohydrate rep- 
resents the major stimulus to the hyperinsulinemia ( 1 1, 
14). Since intraperitoneal injection of glucose fails to 
elicit an insulin response in nonfasted ob/ob mice {12]/ 



attention has focused on the involvement of the over- 
active enteromsular axis and hypersecretion of GIP in 
the hyperinsulinemia of these mice (11- The present 
study has shown that a range of naturally occurring 
sugars, including glucose, galactose, fructose and su- 
crose, elicit rapid and prominent GIP responses in ob/ 
ob mice. This observation, together with the earlier 
demonstration (6) that GIP provides a physiological 
stimulus to insulin secretion in ob/ob mice, offers a 
mechanistic link between the ingestion of carbohy- 
drate and the hyperinsulinemia. 

The present observation that sugars that serve as a 
substrate for the Na* -glucose cotransporter in the lu- 
minal brush border (15, 16) elicit GIP response is con- 
sistent with results obtained by single time-point sam- 
pling of the hepatic portal vein of anesthetized rats (17). 
Thus, glucose, galactose, a^metbyl-glucoside and 3-0- 
methylglucose were equally effective in raising the 
plasma GIP concentration of ob/ob mice. Although these 
sugars utilize the same transport carrier at the brush 
border, a-ruethyl-glucoside is not a substrate for the 
glucose transporter at the basolateral membrane, and 
3-O-meihylglucose is not metabolized within the in- 
testinal cells (16). This indicates that the CIP-rcIeasing 
action of glucose and galactose requires neither their 
metabolism nor transport out of the celL Nevertheless, 
the observation that fructose increased plasma GIP in 
ob/ob mice raises doubt as to whether the Na* -glucose 
cotransporter represents the sole trigger to GIP secre- 
tion. Although not confirmed in mice, fructose absorp- 
tion is generally considered to involve a brush border 
transporter independent of both Na~ and the glucose 
transport system (IS, 16). 

The GIP-rtleasing action of fructose in ob/ob mice 
contrasts with the reported lack of effect of this sugar 
on circulating GIP concentration in normal human sub- 
jects and rats (17, 1 8). This lack of effect in the rat may 
reflect the use of a single blood sample to assess GIP 
release 30 min after luminal perfusion of the sugar 1 1 7). 
The divergence from humans represents either a path- 
ological feature associated with obesity-diabetes or. a 
peculiarity to mice. In this respect it is notable that 
sucrose, which is hydrolyzed to glucose and fructose 
by brush border enzymes, elicited a GIP response com- 
parable to twice the molar dose of glucose or fructose 
alone. Since the effect of glucose on GIP release is dose* 
dependent in all species studied (18-20), a smaller CIP 
response to sucrose would be predicted if fructose were 
not stimulatory. Consistent with this observation, an 
equimolar concentration of glucose and sucrose elicited 
comparable CIP responses m the rat |I7). Moreover, it 
is oi interest that incorporation of fructose, instead of 
glucose, into the diet of db/db mice did not ameliorate 
the diabetes-obesity syndrome (21 )• 

Absorption of mannose, 2-rieoxyglucose and N-ace- 
tylgiucosamine involves neither the glucose nor fruc- 
tose luminal transport system 115, 16}. Mannosc did 
not elicit a GIP response, whereas 2-deoxyplucose pro- 
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duccd a delayed, but substantial, elevation of plasma 
GIP concentration. The latter effect suggests an action 
that is independent of intestinal transport, such as ac- 
tivation of the sympathetic nervous system (22) and 
the release of somatostatin j23|. The mechanism under- 
lying the inhibitory effect of N-acetylgiucosamine on 
circulating GIP concentrations is also unclear. Al- 
though this sugar stimulates insulin release in the rat 
(24), suppression of plasma GIP does not involve in- 
sulin-feedback inhibition of intestinal K-cells, which 
is defective in ab/ob mice 16)- 
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EXHIBIT F 

I^ugmented Release of Gastric Inhibitory Polypeptide 
Ijnto the Portal Vein in Response to Intraduodenal 
fclucose and Amino Acids in Anesthetized Rats 
Jrreated with Methylprednisolone or Alloxan 

6- 

fftT. R. SCIIULZ. R. JORDE. P- G, BURHOL A 0 CHWSTENSW 
Sg^iboratory of Gastroenterology* Dept. of Median*, 
plllnivcrsiiy of Tromso, Tromso. Norway 
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Sehufe TB. Jorde R, Burbot FG, ChristcnMin O. Augmented release or gastric 
inhibitory polypeptides the portal vein in response to imr*di«xlenal glucose and 
amino acids in ancsihctiicd rate »rcaicd wiih methylprcdnisoloite or alloxan. ScwuJ 
J Gsstrocnterol 19R2. C. ?57»3fi2. 

Thirty rats were tremcawth methylprednisolonc, 30 raw were treated with alloxan, 
and 30 conlrol rets were treated with saline atone. The level* of lasting serum iiwulin 
and blood glucose and dplflsrna GIF before pnd after duodenal instillation or glucose 
or amino acidt were nvttufcd using an acute rut preparation thai enabled multiple 
blood samplings from the portal vein, 'IVewrmcru of the rat* *iih methylprednisolone 
was followed by increasd fasting levels ol scrum insulin, Hood glucose, and plasma 
GIP and by an 3\jgm«P*d GIP release in response to duodenal glucose and amino 
adds a* compared will normal cunlrub. Similarly, treatment with alloxan was 
followed by decreased r*iinp level* ol scniro insulin, by increased fashng level* ol 
blood glucose and piwffla GiP, and by on increased GIP release ui response to 
duodenal plUcOSe antlanino acids. The augmented GIP release in response to 
duodenal instillation oiduwse and amino acid* both in mcihylprcdnisolvne-ireatcd 
rats and in sdloxan-wcflied rats may be cxphincd by an increased absorption or these 
nutrient .wing lo an leased NiT K' ATPase activity in the intestinal mucosa of 
corticosteroid* and sllcwn-ircatcd rats. The elevated fating GIP levels, on the othci 
hand* »rc difficult to cspfain. 

Key words: Alloxan: ai^no acid infusion; diabetes. o*|*rimenial: snsirie inhibitory 

polypeptide (GIP); gltsric, oundenal: methyl prednisolone; rats 

r. B. Schutz, M.D., Dr?t< vf Mtdkinc. Asktm sykelua. 1800 Askim. Norvvy 



In alloxan-treated rats, in untreated juvenile dia- 
betics, and in hypcrinsulincrrtic obese subjects , 
an elevated fasting plasm at GIP level and an an- 
niented C1P release in response to glucose h** 
been reported (1-10). The cause of the elevated 
GIP levels is unknown, bui disturbance of a pos- 
tulated negative feedback eflcci by insulin on Glf* 
release has been suggested. 

The release of GIP after glucose and amnio 
iacid stimulation seems to depend more on an 
active absorption than on their presence wiifcin 
the intestinal lumen (3. 11-14). The active absorp- 



tion is an Na* -dependent process coupled to the 
Na* K* ATPase of the intestinal cells {15, 16). 
Treatment of rats with alloxan is known to induce 
insulin deficiency and diabetes and 10 increase 
glucose and amino arid absorption ( 17 - 19), which 
pTobablv is effected by an increased mucosal Na' 
K* ATPase activity. Even though cortico- 
Sierotd-trealed rats have elected levels of scrum 
insulin, they also have raised blood glucose level* 
and increased glucose and «mino acid absorption 
together with an increased mucosal Na* K* 
ATPase activity (20-24). 
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Provided Ibat the effect of an increased absorp- 
tion ts more important than negative feedback 
comrol by insulin, one would expect increased 
CIP release in response to gjucose and amino 
acids both in alloxan hypoinsulmcmic rats and in 
corticosteroid hyperinsulinemic rats. The present 
study was therefore undertaken to study thia 
hypothesis. 

MATERIALS AND METHODS 

Experimental design. An acute rat preparation 
as previoosly described (13), using male Wistar 
rats, 31X1-320 g, of uniform breed kept on a 
standard diet (Standard rat food, Felleskjopct, 
Trondheim, Norway) for at least 3 weeks before 
the experiments, was used. 

Anesthesia was achieved by intraperitoneal 
injection of sodium pentobarbital (Nembutal®; 
Abbott Laboratories, Chicago. III.). 50mg/kg 
body weight. The abdomen was opened, and the 
small bowel was ligated close to the pylorus and 
30 cm proximal to the ileocecal junction and 
then displaced to the left to give easy access to 
the portal vein. Urine was obtained by bladder 
puncture. The body temperature was kept con- 
stant at 38°C by using an electric heating pad 
throughout the experiments. 

After a 20-min recovery period the experiments 
were started. The glucose* amino RCid. and saline 
solutions were instilled as a bolus Of 20 ml/kg 
body weight into the proximal part Of the duo- 
denum. The pRs of the solutions were adjusied 
with HC1 to pH 5.2, and their osmolalities to 
iso-osmolality with NaCL 

Treatment with mcthylprcdnisotone. The pro- 
cedure Of Charley et nl. (20) for induction of 
Na" K' ATPase in the small-intcstinai mucosa 
of rats was used. Thirty rats were given three 
intramuscular injections with methy lprednisolooe 
(Depo*Medro1*: Upjohn International Inc.. 
Puurs, Belgium), 30m&fcg body weight with 
24-h interval*. After the final injection, the ani- 
mals were fasurd for 20 h with water allowed 
freely, before the experiments were started. 

Treatment mtli alloxan. Thirty rats were given 
one intramuscular injection with alloxan (Sigma 
Chemical Co., St. Louis, Mo.). 2O0mg/kj body 



weight after a 20-h fast. The animate were then 
allowed to eat freely for 24 h. Before the experi- 
ments were started the animaLs were fasted for 
another 2U h, with water allowed freely. 

Trcarme.ni with saline. Thirty control rats were 
£tven intramuscular injections with saline. 
J .0 ml/kg body weight, following the same pn> 
ccdurc as described under treatment with 
methylprtdnisolone. 

Duodenal insiiilation of glucose. In iq 
mcthylprcdnisoione-treated rats, in 10 alloxan* 
treated rats, and in 10 control rats portal vein 
Wood for estimation of plasma G1P, serum insu- 
lin. blood glucose, and packed cell volume wa* 
drawn 1 min liefore instillation of 0,695 mmol 
glucose per kilogram body weight, and, in addi- 
tion, portal vein blood for determination of 
plasma GIF was drawn 5 and 30 min Alter tht 
duodenal glucose instillation. 

Duodenal instillation of amino acidf. The 
experimental procedure was as described above, 
except that an amino acid solution (Knhi AB, 
Stock hoi nu Sweden), 1 .379 mmol/kg body wcigtit 
(Table I), was instilled imo the duodenum instead 
of glucose. 

Duodenal instillation of saline. The experi- 
mental procedure was as described above, except 
that saline alone was instilled into the duodenum. 

Table I. The composition of rhe amino acid solutiun 
used in the experiments 



Amino acids Mmol/l 



Alanine A. 2 

I.-Arpnine 2.1 

L-Aspartic acid J.V , 

u-Cysiinc 0.7 

i.-CwsteiiK J .3 

i. -Glutamic acid 7.7 

Glycine 3.5 

L-Htslidinc 1-7 

L-Isoleucinc 3-7 

L-l-cucinc 5-1 

L-Lydne 3." 
L-Meihioiiinc I O 

L-Phenyl alanine 4.2 

U-Prolinc 8.8 

l.-Serine S- 9 

I. -Threonine 3.2 

L- Tryptophane 0,0 

L-TyrOsint 0,4 

Valine 4.h 
Total 



PAGE 51/58 1 RCVD AT 7/11/2006 1:48:11 PM (Eastern Daylight Time] " SVR:USPTO»EFXRF-3/12* DNlS:2738300 ' CSDtfSS 509 4010* DURATION (ums):1M8 



07-11-06 IO:51am F rora-P I LLSBURY WINTHROP SHAW PITTMAN LLP +858-509-4010 



T-48Z P. 052/058 F-203 



360 T. B- Schulz. K. Jordt. t J . C. HuHipl * O- Chnjtvnscn 



j Ponai vein 
i pta?ma GiP 



150-- 



100- 



DuOOCnn) 




— t— 

0 



-T— 

15 



30 

Time m mm 

Fi$. J . Portal vein plasma GIP before and af ier duodenal 
instillation of glucose, (J.«>5mmolrt£ body *eighi, 
in rats irealcd with <B— ■) mclhyjprcdflisolonc. 
(A— A) alloxan, or (•— ♦) saline. Each point rep- 
resenrs the mean of nnc examination in each oflu ran*, 
and ihe vertical bars the standard errors of ihc means. 



levels fz. S.E.M.) in the mcthylprcdnisolone-. 
alloxan-, and saline-treated rats were 61.4 z 

7.2 pmol/l, 70.9 x 5.9 pmol/L and 40.3 ± 

3.3 pmol/l, respectively. Mean portal vein plasma 
GIP rose significantly at 5 min and stayed sig- 
nificantly elevated 3D min after duodenal instil* 
kttion of (1.695 mmoJ glucose per kilogram body 
weight in the Three individual groups of rats 
(Fig, 1), 

Mean fasting portal vein plasma GIP and mean 
portal vein plasma GIP 5 und 30 min after duo- 
denal glucose were significantly higher in the 
methyl prednisolone- and in the alloxan-treated 
rats than in the saline-treated control rati. 

Portal vein plasma GIP before and after duodenal 
instillation of amino ucids 

The mean fasting portal vein plasma OIF 
levels (± S.E.M.) in the methylprednisulune-, 



alloxan-, and saline-treated rats were 55.2 * 
3.2 pmol/l, 84.5 t 9.3 pmol/l, and 3y,4 - 

1.8 pmol/l, respectively. Mean porta) vein ptosmq 
GIP rose significantly at 5 min and stayed sig, 
nificandy elevated 30 min aficr duodenal instil- 
lation of 1.379 mmol ammo acids per kilogram 
body weight in the three individual groups of rats 
(Fig. 2). 

Mean fasting portal vein plasma GlP and mean 
portal vein plasma GIP levels 5 and 3U min after 
duodenal amino acids wctc significantly higher 
in the mcthylprednisolone -treated and in the 
alloxan-treaied rats than in the saline-treated con- 
trol rats. 

Portal vein plasma GIP before and after duodenal 
instillation of saline 

The mean portal vein plasma GIP level 
S.E.M.) rose non-significantly from 59.4 2 

3.9 pmol/l before to 60.6 ^ 5.1 pmol/l 30 min after 
duodenal saline in 10 mcthytprednisolonc-treatcd 



Ponai vein 
150-f- plasma GIP 
pmol/i 



100- ■ 



50-- 




— 1— 



30 

Time in mm 

Ftp. 2. Portal vein plasma GIP before and aUcr duOdfna) 
instillation of an amino acid solution, 1.379 mmuL/kp 
body weight, ih rats treated wirti (■ — II) mcUiylpred- 
nisolonc, (A— A) alloxan. Or •) saline. Each 
point represents the mean of one exuminulion in cadi 
gf 10 T»ls, and Ihc vertical tmrt the Standard errors of 
the means. 
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ti has. however, been suggested that the CI IP 
cells in these insulin-resistant patients may have 
a decreased sensitivity to insulin (3)- Our findings 
of elevated fasting pbsma GIP in the 
m«hylpredmsolanc-irea«d rats with elevated 
fasting serum insulin may be explained by lbs 
same effect, since »i has been demonstrated that 
administration of corticosteroids to rats leads to 
decreased binding of insulin lo rat adipocyte* and 
hcpaiocyies (7, 25). Whether steroids exert a 
similar effect on the GIF-producing cells is. how- 
ever, unknown. The reason for ihc elevated fast- 
ing plasma GIP level when fasting scrum insulin 
also is elevated must therefore still be considered 
unknown. 

In conclusion, treatment of rats with metbyl- 
prednisolonc was followed by increased fasting 
levels of scrum insulin, blood glucose, and plasma 
GIP and also by an augmented GIP release in 
response to duodenal glucose and amino acids. 
Similarly, treatment of rats with alloxan was fol- 
lowed by decreased fasting levels of scrum insulin, 
by increased fasting level* of blood glucose and 
plasma GIP, and by an increased release of GlP 
in response to duodenal gJucosc and amino acids. 
The elevated fasting GIP levels stc difficult m 
explain, whereas the augmented GIP release may 
possibly be ascribed to an increased absorption 
of glucose and amino acids in these animals sub- 
sequent to a raised Na' K* ATPa&e activity 
known to occur in the intestinal mucosa of 
alloxan- ot corticosteroid-treaied rats. 
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Gastric Inhibitory Polypeptide (GIP) Stimulated 
by Fat Ingestion in Man 

JAMES M FALKO, SAMUEL E. CROCKETT, SAMUEL CATALAND, 
and ERNEST L. MAZ2AFERRI 

Division of Endocrinology end Metabolism, Department of Medicine, Ohio State University, 
Columbus. Ohio 432J0 



ABSTRACT. Ten normal volunteers ingested emul- 
sified com oil and the imrounoreactive GIP. insulin 
(IRI) and nonesterified fatty acid (NEF*A) responses 
were measured Scrum CIP level* increased after 
the ingestion of coin oil in all subjects, rising from a 
mean fasting level of 272 pg/m! to 856 = 272'pg/ml 
{P < 0,05) by 30 minutes. The peak mean serum 
GIP concentration of 1,345 ± 291 pg/ml occurred at 
60 minutes; and mean serum GIP levels at 180 
minutes remained significantly elevated over fasting 



values. Serum IRI, glucose and NEFA concentra- 
tions did not change during the 180 minutes of 
study. No changes in serum CIP concentrations 
occurred when, for control purposes* six volunteers 
ingested water on another day. We conclude: 1) Fat 
is a potent stimulus for the release of GIP in normal 
individuals. 2) EndogenCmdy released CIP is not 
insulinotropic under the conditions of this study- U 
Clin Endocrinol Mttab 41: 260, 1975) 



GASTRIC inhibitory polypeptide (GIP) 
appears to exert at least two diverse 
physiologic effects: one, an enterogastrone 
effect and the other, an insulinotropic ef- 
fect. Brown (1) suggests that CIP satisfies 
alt the criteria for being the enterogastrone 
originally described by Kosaka and Lim (2). 
Additionally, highly purified porcine GIP 
is insulinotropic in man (3). Since oral 
glucose is a potent stimulus for the en- 
dogenous release of GIP in normal sul>- 
jeets, (4) it has been suggested that this 
polypeptide may play an important role in 
mediating the enteroinsular axis (1,3,4). 
Dupre and associates (3) report that par- 
cine GIP is insulinotropic in man only in 
the presence of hyperglycemia. However, 
Brown and colleagues (1) subsequently 
suggested that ClP stimulates insulin re- 
lease when administered without in- 
travenous glucose. 

Serum GIP concentrations increase in 
normal subjects following a test meal (5) or 
after the ingestion of glucose (4). Brown (6) 
has suggested in a preliminary report that 



Lipomul, a suspension of corn oil, also 
stimulates GIP secretion to levels slightly 
less than those observed following a stand- 
ard meal (5), Serum insulin levels were 
not mentioned in Brown's preliminary re- 
port (6) of a GIP response to Liponuil; 
although, ordinarily, the ingestion of fat 
does not elicit any significant insulin secre- 
tion in man (7). We have studied the 
irnmunoreactive GIP and insulin responses 
to corn oil in normal subjects and find that, 
while this is a potent stimulus to the 
release of GIP, insulin secretion does not 
occur. Thus, endogenously released CIP is 
not insulinotropic in normal subjects under 
the conditions of this study. 

Materials and Methods 

Ten healthy, ambulatory, normal volunteers 
(7 men and 3 women) with a menu age of 25„ 
and ranging from 19 to 31 yr t were studied. No 
subject was taking any medicine, and all were 
within 10% of their ideal body weight. After an 
overnight fast, each, volunteer whs given 67 g of 
com oil in the form of Lipomul' (100 ml), which 
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Address inquiries to: Ernest L. Marzaferri, M.D.. 
Division of Endocrinology and Metabolism, Room 
N-1U1, University Hospital. 410 W. 10th Avenue, 
Columbus, Ohio 42310, 



■100 ml of Lipomul contains 67 g of corn oil 
consisting of linoleic acid 34-62%, oleic 19-49%. 
palmitic acid 6-12%, stearic acid 2.5-4.5%. royristic 
acid 0.1-1.7%, and hcxadrccnoic acid 0.2-1.6%. 
There is no glucose or carbohydrate In the vehicle. 
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was ingested within 2 minutes. Venous blood 
samples were drawn at fasting, 15, 30, 60, 90, 
120, And IHO min. For control purposes, on a 
different morning, similar studies wexe done on 
six of the volunteers after the ingestion of 100 
ml of wafer. 

Blond sample wcr* immediately centrifuged 
it ronm temperature and the serum frozen and 
stored at -20 C. Serum glucose and nonester- 
ified fatty iu-ids (NEFA) were measured im- 
mediately after separating the serum. Irninuno- 
rcactive GIP »nd insulin (1R1) levels were 
determined "» specimens which had been fro- . 
/.on and stored for no longer than 2 weeks. 

Scrum glucose was measured in duplicate on 
each sample hy the glucose oxidase method 
vising a Betkman gluc-ose analyzer. Duplicate 
glucose determinations agreed within ±3 mg% 
and the average value* reported, NEFA was 
determined hy a modification of Dole's method 
(8). Scrum IRI was measured by means of 
immunosorbent radioimmunoassay in which the 
antibody is coupled covulently to cross-linked 
dc-itnm. Sephadex (U>- 

Iminuporeaetive GIP was determined by a 
modification of the method of Ku*io and as- 
sociates (5). Highly purified (Stage 4) porcine 
CIP was labelled with m l according to the 
technique of Hunter and Greenwood (10). 
Guinea pig antiserum to poreine GIF hn$ no 
demonstrable tross reactivity with motilin, 
natural porcine secretin, synthetic glucagon, 
synthetic human gastrin, highly purified 
cholecystukinin (CCK) and vasoactive intestinal 
polypeptide (VIP) (4,5). The lower sensitivity of 
the assay in our laboratory is ordinarily between 
25 and SO pg, allowing the detection of 125 to 
250 pg/ml of GIP in serum. Serum aliquots of 
200 jd were assayed in duplicate. Bound and 
free hormone were separated by the double 
antibody technique. All GIP values reported 
after fat ingestion in this study were determined 
in a single away to avoid between assay varia- 
bility. In this assay the lower limit of sensitivity 
was 250 pg/ml. Values of less than 250 pg/ml 
were arbitrarily considered as 250 pg for statis- 
tical analysis. Within assay variance was 8.0%. 
For CIP values previously reported after glu- 
cose ingestion the within assay variance was 
9.5%, between assay variance was 17% and 
. standard pooled serum varied ±37,9 pg/ml 

(SEM). 

Results were analyzed by standard statistical 
methods using the paired t test to compare 



values among those given a corn oil stimulus. 
The two-sample t test was used to compare 
results between those individuals previously 
given glucose and the volunteers in this study 
who Ingested fat. A P value of less than 0.05 was 
considered significant. 

Results 

Mean serum GIP values in the 10 volun- 
teers who ingested 67 g of com oil are 
summarized in Fig. 1. These results are 
compared to those obtained during the 
control period when water was ingested* In 
the control studies summarized in Table 1 
most GIP values were at or below the 
lower limits of sensitivity of the assay. By 
contrast, a significant increase in serum 
GIP concentrations occurred in all 10 indi- 
viduals studied following the ingestion of 
corn oil. Although mean fasting GIP con- 
centrations were 250 pg/ml or less in 9 of 
10 study subjects, one individual had a 
fasting 'CIP level of 480 pg/ml which 
resulted in a mean fasting GIP concentra- 
tion for the study group of 272 pg/ml. 
Fifteen minutes after the ingestion of 
com oil* mean serum GIP increased to 
417 s 131 pg/ml; and within 30 min mean 




Fig. 1. Serum GIP responses in 10 normal subjects 
following the ingestion of 67 g of fat (solid line) 
compared to control studies (N - 6) (broken line) in 
which water was ingested. Values are mean serum 
CIP concentrations ± SEM. Asterisks indicate sig- 
nificant elevations over fasting values. 
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Table 1. Serum GIP concentrations (pgfml) following LipomuJ or water ingestion 



Vol 41 • No 2 



Time (min) 



15 



30 



60 



90 



120 



180 



Li porn ul 



[n - 10) 272 2:44 417* 131 856 r 272 1,345 = 291 1,117 :i 265 679 ± 142 ft37 ± 188 ._ 
1 NSt *><0.OSt F<0.OOM F<0.005t / , <O.005| F<0.005f > 



Water 
(n-6) 



273-42 258 * 14 258 * 14 
NS NS 



250* 
NS 



250- 
NS 



250* 
NS 



25CT 
NS 



f Compared to fasting values. NS = no* significant 
- All values at or below 250 pg/mi. 

Table 2. Glucose, insulin and nnnesterified fatty acid (NEFA) responses to 67 g of orally 
administered corn oil in 10 normal subject?* 



Time (min) 





Fasting 


15 


30 




60 




90 




120 


ISO 


Glucose 
mg/100 ml 


73 ±3 


76-2 


73 + 


3 


72- 


2 


72* 


2 


71 s 2 


71 = 2 


Insulin 
M U/ml 


16-2 


19^3 


18 r 


3 


18 ± 


2 


18 ± 


2 


17 2:2 


18 ±2 


NEFA 
peq/Hter 


SSI ± 63 


861 t61 


867* 


50 


828 2: 


35 


856± 


54 


936:5= 69 


1.009 ^ 45 


* All data are mean S SEM- 



GIP concentrations were 856 ± 272 pg/ml, 
which represented a significant (P<0.Q5) 
elevation over fasting levels. The peak 
mean serum GIP concentration of 1,345 
* 291 pg/ml occurred at 60 minutes, 
and although declining somewhat, the 
mean GIP levels remained significantly 
higher than fasting (P < 0.005) between 60 
and 180 min. 

Summarized in Table 2 are the glucose, 
IRI and NEFA concentrations after corn oil 
ingestion in these normal subjects. No 
significant changes in glucose, IRI or 
NEFA were observed during the time 
intervals studied following fat ingestion, 

In Fig. % the GIP and insulin responses 
after fat ingestion are compared to diose 
previously reported from this labora- 
tory (4) after 75 g of oral glucose was 
given to normal volunteers. The peak 
serum GIP concentration observed after 67 
g of com oil (1,345 ±291 pg/m!) is sig- 



nificantly higher (P<0.05) than that ob- 
served after 75 g of oral glucose (747 
^59 pg/ml). The GIP response was also 
more sustained after corn oil, being sig* 
nificantly greater (P<0.05) between 60 
and 180 min than after oral glucose (Fig. 2). 

Discussion 

In 1886, Ewald and Boas (11) observed 
that the addition of olive oil to a test 
meal given to human subjects depressed 
acid secretion. Subsequently, studies in 
Pavlov's laboratory showed that fat must 
reach the duodenum to exert this ef- 
fect (12). Other investigators (13.14) have 
shown that the intraduodenal instillation of 
fat also inhibits the motor activity of a 
transplanted fundic pouch. In 1930, Kosaka 
and Lim, (2) after demonstrating that crude 
intestinal extracts inhibited gastric secre- 
tion, coined the term enterogastrone to 
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describe the active principle of the upper 
intestinal mucosa which was liberated by 
fat or its digestion products and inhibited 
gastric secretion and motility. However, 
the term enterogastrone is often used by 
other investigators (15,16) in a more gen- 
eral sense to designate gastric inhibitors 
released not only by fat, but also by acid 
and hyperosmotic solutions. Although a 
variety of candidate hormones have been 
suggested to have enterogastrone activity 
(15,16), GIP appears to satisfy most com- 
pletely the criteria for being the enterogas- 
trone described by Kosaka and Lim (2). 

GIP is released by fat; and purified 
porcine GIP inhibits canine gastric acid 
secretion stimulated by pentagastnn, his- 
tamine and insulin hypoglycemia (17). Por- 
cine GIP also inhibits canine pepsin secre- 
tion stimulated by insulin hypoglycemia 
and inhibits motor activity in pouches of 
the antrum and body of the stomach. These 
responses are observed with relatively 
small doses of intravenously administered 
porcine GIP ranging from 0,25 to 1.0 
M g/kgrti (17). 

Polak et <xL (18), using an antiserum to 
purified porcine GIP, have identified this 
polypeptide by direct immunofluorescence 
in cells, tentatively identified as Di cells, 
in the duodenum and, to a lesser extent, in 
the jejunum in man and dog. Studies done 
in our laboratory by O'Dorisio et at. (19) 
have demonstrated that the highest con- 
centrations of irornunoassayable GIP in 
canine gastrointestinal tissue extracts are in 
the second and third portion of the 
duodenum. The concentration of GIP is 
almost as great in the jejunum and is lowest 
in the ileum and antral portion of the 
stomach. Initial observations in our 
laboratory suggest that a similar pattern of 
immunoassayable GIP is present in ex- 
tracts of human gastrointestinal tissue. 

If endogenous GIP has a physiologic 
enterogasterone effect in man, then its 
secretion should be stimulated by the in- 
gestion of fat This study demonstrates that 
oral fat is a potent stimulus to the secretion 



GIP 




Fig. 2. Serum GIP and IM responses to corn oil (solid 
line) compaied to those previously reported (4) in 
response to 75 g of oral glucose (broken line). Values 
expressed as mean ± SEM. Asterisks indicate sig- 
nificant differences between CIP or IRI response* 
when those who ingested fat are compared to subjects 
given oral glucose, 

of GIP in normal individuals. The serum 
concentrations of GIP which we observed 
are almost twice as high as those noted by 
Brown (6) in a preliminary report of a 
similar study done in several normal volun- 
teers. The reason for this difference is not 
apparent. Dupre et al. (3) in a study of the 
insulinotropic effect of porcine GIP in 
man, infused 30 fig of GIP over 30 min 
which elevated immunoassayable GIP by 
approximately 1 ngfrnl. Cleator and Brown 
(1) recently indicated that pure porcine 
GIP will inhibit acid secretion in man 
when administered in a dose of 2.0 jig/kgf 
30 min. This should raise immunoassay- 
able GIP concentrations to approximately 3 
to 4 ng/ml, a level higher than that ob- 
served in our volunteers after the ingestion 
of fat. However, GIP levels remained ele- 
vated in the range of 1 ngfoal for 3 h after 
fet ingestion, which is a somewhat longer 
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hypoglycemia, a phenomenon not ordinar- 
ily observed in man after the ingestion of 
fat. The results of our study indicate that 
endogenously released GIP is not in- 
sulinotropic in the absence of hypergly- 
cemia, even at serum GIP concentrations 
in excess of those observed after a 75 g oral 
glucose stimulus. However, preliminary ob- 
servations in our laboratory indicate that, in 
normal volunteers, the insulin response to 
intravenous glucose is augmented by the 
simultaneous oral ingestion of fat- 
How GIP release is stimulated by fat is 
not answered by these studies and is the 
subject of continuing investigation. Much 
more evidence is necessary before a hor- 
monal status can be ascribed to GIP Or 
before it can be classified as both an entero- 
gastrone and an insul inotropic hormone. 
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